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The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA's scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA's institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

+ TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

+ TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

* CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

» CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

» SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

« TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
data bases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following;:

*  Access the NASA STI Program Home Page
at http:/lwww.sti.nasa.gov

* E-mail your question via the Internet to
help@sti.nasa.gov

» Fax your question to the NASA Access
Help Desk at (301) 621-0134

* Telephone the NASA Access Help Desk at
(301) 621-0390

*  Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076
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SPACE MECHANISMS WORKSHOP
PREFACE

Future NASA space missions such as the Space Exploration Initiative
(SEI), the Mission to Planet Earth, and advanced weather and
communications satellites will require advanced performance standards,
increased life, and improved reliability of all mechanically moving
equipment (mechanisms). In the past the mechanism needs of spacecraft
appeared to be well within the state of the art. The electronic systems were
deemed to be the biggest impediment to producing long life and reliable
operation. As a result satellites were designed with requirements to last for
only 3 to 5 years. The electronics industry has made great strides over the last
few years in reducing the size and increasing the life and reliability of satellite
electronic systems. The question is, have mechanical moving mechanisms
kept up in improving their life, reliability and performance?

To determine what the obstacles will be in meeting NASA's future
missions goals, NASA-Lewis Research Center and the Ohio Aerospace
Institute (OAI) planned and sponsored a workshop for the fall of 1992. The
workshop, entitled the Space Mechanisms Technology Workshop, took place
September 22-23, 1992 at the Westlake Holiday Inn in Westlake, Ohio.

The workshop lasted for two days. The first half day was dedicated to a
set of plenary papers. The following papers were presented:

(1) OVERVIEW OF FUTURE NASA MISSIONS AND REVIEW OF

MECHANISM'S NEEDS SURVEYS -- ROBERT FUSARO,
NASA/LERC :

(2)  SPACE MECHANISMS TECHNOLOGY NEEDS -- PAUL FLEISHAUER,
THE AEROSPACE CORPORATION

(3) DOD SPACE MECHANISMS PROGRAMS -- KARL MECKLENBURG,
WPAFB

(4) PLANETARY SURFACE REQUIREMENTS ,AND ENVIRONMENT --
BENTON CLARK, MARTIN MARIETTA

(5) POWER REQUIREMENTS FOR SPACE -- JOHN BOZEK, NASA /LERC

(6) PROPULSION REQUIREMENTS FOR SPACE -- JAMES DILL,
MECHANICAL TECHNOLOGIES INC.



Following the opening plenary session, the workshop broke into three

concurrent groups to look at the issues and problems of future mechanism's
operations. Because the Satellites and Space Platforms group was deemed to
be too large it was divided into two working groups. The four groups and
group leaders were:

0y
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Satellites and Space Platforms #1, Doug Rohn, NASA LeRC and Paul
Fleischauer, Aerospace Corporation

Satellites and Space Platforms #2, Roamer Predmore, NASA GSFC, and
Stuart Loewenthal, Lockheed

Power and Propulsion, Bob Hendricks, NASA LeRC and Jerry Kannel,
Battelle

Planetary Surface Operations, Bob Fusaro, NASA LeRC and David
Thrasher, Boeing Aerospace.

Each group was given seven tasks, they were as follows:

Identify space mechanism"s (mechanical components/lubrication)
current and perceived future mission obstacles.

(A)  Brainstorm current space mechanisms obstacles.

(B)  Brainstorm future space mechanisms obstacles.

(C)  Prioritize current and future space mechanisms obstacles.

For each obstacle, list or describe:
(A) Technology deficiencies (known or perceived).
(B) The current state-of-the-art.
(C) Applicable NASA, DOD, AND industry missions
(D) Active research in the area.
- Where it is being conducted.
-- What are the current facilities.
— Number of personnel involved.
(E) Technology needs for current missions.
(F) Technology needs for future missions.
(G) Concerns.

What is needed to improve the reliability of mechanisms?
NASA is planning to develop a space mechanisms guidelines
handbook. What sort of information should be included? What sort

of information should be considered industry privileged?

Can anything be done to improve technology development and the
dissemination of information? '

\Y



6. Other issues?

7. What do we do next?
-- Future meetings
-- Formalized working group(s)
-- Publications

The workshop closed with a final half-day plenary session in which group
chairman presented the results of their sessions and the attendees then
engaged in discussion of those results. The working group results follow the
preface.

Approximately 70 individuals attended the workshop.  Their
backgrounds and interests were diverse, ranging from basic research to
satellite design and program management. A listing of the members of each
group are given with the results of that group.

Vii
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OHIO AEROSPACE INSTITUTE BACKGROUND

A UNIVERSITY-INDUSTRY-GOVERNMENT CONSORTIUM

COLLABORATIVE RESEARCH
GRADUATE AND CONTINUING EDUCATION
TECHNOLOGY TRANSFER

9 OHIO UNIVERSITIES
PRIVATE SECTOR COMPANIES
NASA LEWIS RESEARCH CENTER
WRIGHT PATTERSON AIR FORCE BASE

Michael J. Salkind
President
Ohio Aerospace Institute




OAI BOARD OF TRUSTEES

AGNAR PYTTE, Pres., Case Western Reserve U
J. TAYLOR SIMS, Act. Pres., Cleve.State U
E. GORDON GEE, Pres., Ohio State U
CHARLES PING, Pres., Ohio U
PEGGY G. ELLIOTT, Pres., U of Akron
JOSEPH A. STEGER, Pres., U of Cincinnati
BRO. RAYMOND L. FITZ, Pres., U of Dayton
FRANK E. HORTON, Pres., U of Toledo
PAIGE E. MULHOLLAN, Pres., Wright State U

DAVID L. BURNER, Pres., BF Goodrich Aerospace
BRIAN ROWE, SrVP, GE Aircraft Engines
PATRICK S. PARKER, Chairman, Parker Hannifin Corp.
ROBERT PASTER, Pres., Rockwell, Rocketdyne
A. GORDON WILLIAMS, VP and Gen. Mgr, TRW, Space & Tech.

STEVEN SZABO, JR. Dir of Eng., NASA Lewis Res. Ctr.
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G. KEITH RICHEY, Chief Scientist, Air Force Wright Lab.

PERSPECTIVE
( STRATEGIC DRIVERS )

M GLOBAL ECONOMIC COMPETITIVENESS

W EFFECTIVE TECHNOLOGY TRANSFER

B MORE COLLABORATION

B POOL EXPENSIVE RESEARCH FACILITIES

B MORE INTERDISCIPLINARY RESEARCH

n MORE PHDs FOR INDUSTRY, GOVERNMENT, AND UNIVERSITIES

B MORE AMERICANS IN GRADUATE SCHOOL

M MORE MINORITIES AND WOMEN IN SCIENCE AND ENGINEERING

B GREATER EMPHASIS ON SCIENCE AND MATH LITERACY IN SCHOOLS
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PERSPECTIVE

FITS CHANGING LIFESTYLE
INCREASING NEED FOR TRUE LIFE-LONG LEARNING

TECHNOLOGY, ECONOMIGCS IMPROVING

® COMPLEMENTARY EQUIPMENT AT CAMPUSES AND COMPANIES
@

® TECHNOLOGY TRANSFER IS A BODY CONTACT SPORT

® FEDERAL LABS — FACILITIES AND FUNDING MAGNETS

® DEVELOP COMPETITIVE CRITICAL MASS

® DISTANCE EDUCATION IS BECOMING MORE ACCEPTABLE
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RESEARCH FOCUS GROUPS

«  WORKING GROUPS OF EXPERTS FROM
UNIVERSITIES, GOVERNMENT, and INDUSTRY

- FOSTER COLLABORATION AMONG DISCIPLINES
‘and COMMUNITIES

« ASSESS PRESENT AND FUTURE AEROSPACE
RESEARCH THAT WOULD BENEFIT FROM
COLLABORATIVE RESEARCH

Goverpment

industry | Government
. 119 | 155

Universitles —=( Focus Group ) -e—Industry

University
328

Coliaborative Research and
Educational Ventures

'OAI FOCUS GROUPS

» ADVANCED INTERDISCIPLINARY SIMULATION
» AEROSPACE POWER
+ COMMUNICATION, ELECTRONICS, AND INFORMATION SYSTEMS
+ COMPOSITES
* DIAGNOSTICS / IMAGING / VISUALIZATION
* DYNAMIC SYSTEMS AND CONTROLS
« FLUID DYNAMICS AND PROPULSIVE SYSTEMS
« ICING
« POLYMERS / MOLECULAR MODELING
» SPACE PROPULSION AND TECHNOLOGY
* TRANSDUCERS
« TRIBOLOGY
« TURBO MACHINERY FLUID MECIHANICS




- STATEWIDE COLLABORATIVE
EDUCATIONAL NETWORK

» The University of Akron « The Ohlo State University
» Case Western Reserve University « Ohlo University

+ University of Cincinnati » The Universily of Toledo
» Cleveland State University « Wright State University

- The Unlversity of Dayton

- Link universities by TV network

- Deliver graduate education to the workplace

OAI STUDENTS

« INDUSTRY - GOVERNMENT COLLABORATION ATTRACTING
OUTSTANDING STUDENTS TO OAIl UNIVERSITIES

« 52 GRADUATE, 78 UNDERGRADUATE SINCE 1989

"I had my choice of seven fellowship opportunities throughout the country. |
chose OAl and Ohio State Universily because of the NASA involvement."

"Combining universities and industry is great. We get the theoretical side but
not always the direct application."

"I saw OAl as a major advantage in making contacts in industry and learning
from people who have experience in more than an academic setting."

" OAl is a great step forward in laying the groundwork to make Ohio
compelitive in the aerospace field. It offers the opportunity to do things
I couldn't do elsewhere."



INDUSTRY PARTICIPATION
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- BATTELLE B LUBRIZOL
BF GOODRICH M PARKER HANNIFIN
BROOKS ASSOCIATION M PRATT & WHITNEY
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WORKSHOP INFORMATION AND OBIECTIVES

Robert L. Fusaro
NASA Glenn Research Center
Cleveland, Ohio

Objectives

® To obtain an industry/university/government
perspective on what are the known or perceived
obstacles to successfully achieving NASA’s current
and future space missions.

® To determine the industry/university/government
community’s capabilities of solving these obstacles.

@® To obtain input to help guide NASA in the formation
of a growing R&T program.
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FUTURE NASA MISSIONS AND TECHNOLOGY NEEDS RESULTS TO DATE

Robert L. Fusaro
NASA Glenn Research Center
Cleveland, Ohio

PROPOSED FUTURE NASA MISSIONS
e SPACE EXPLORATION INITIATIVE (SEI)

-- Expand human presence to the moon, Mars, and beyond

e MISSION TO PLANET EARTH

-- Understand the interaction between
-- Oceans/atmosphere/solid Earth (weather)
-- Living organisms and environment
-- Environment and pollution
-- Composition and evolution of the Earth

e ASTROPHYSICS

-- Understand the universe
-- Laws of physics
-- Birth of stars and planets
-- Advent of life '

e MATERIAL AND LIFE SCIENCES

-- Understand and develop new processes
-~ Fluid dynamics
-- Combustion fundamentals
-- Material processing
-- Physics and Chemistry
-- Space Medicines
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SPACE MECHANISMS TECHNOLOGY NEEDS

Paul D. Fleischauer
The Aerospace Corporation

El Segundo, California
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Moving Mechanical Assembly Functions
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Typical Reaction Wheel
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LUBRICATION TEST APPARATUS
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SPACE-RELATED TRIBOLOGY PROGRAMS

K.R. Mecklenburg
Wright Laboratory
Wright-Patterson Air Force Base, Ohio
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DIAMOND COATED BALL BEARING

Crystallume=
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Diamond-Coated Ball Bearing
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SPACE EXPLORATION TECHNOLOGIES
Moon and Mars Comparison

Benton Clark
Martin Marietta Astronautics Group
Denver, Colorado
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(FUTURE) POWER REQUIREMENTS FOR SPACE

(AND EXTRATERRESTRIAL SURFACES)

John Bozek
NASA Glenn Research Center
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FIELD ROBOTS FOR THE NEXT CENTURY

William L. Whittaker
Carnegie Mellon University
Pittsburgh, Pennsylvania

Introduction

Robotics to date has produced underlying capabilities that enable robots to respond to a
variety of task challenges. Robotics is maturing as a discipline, and the investment in
prior research has yielded a wealth of technologies for a new generation of competent
robots. It is no longer necessary to restrict research to work on testbed robots, since
systems that meet performance specifications of end-users can now be developed. Given
the existing technology base, robots that were unachievable five years ago now are within
reach, provided that performance goals are established and development efforts in the
near term are directed to meet them.

With seminal groundwork laid, robotics technology is now evolutionary, not
revolutionary. Evolutionary technologies are born of knowledge-based research: efforts
aimed at developing a new and better understanding of the application of scientific
principles. From failures in early development come the insights that lead to successful
future implementations, which show increasing utility and relevance as the technology
evolves. Robots that meet new task challenges and exhibit proficiency are feasible, since
the knowledge we have gained is allowing us to cross the threshold from pure
knowledge-based research to performance-based research.

The Nature of Field Robots

Structured environments, like those found in factory settings, do not challenge robots
with the dynamism and uncertainty of unstructured environments. Active and forceful
manipulation of objects in unstructured environments requires much more than current
industrial robotics can deliver. To work in a field site — say, digging up a gas pipe — a
field robot must be able to recognize unknowns and respond to unplanned difficulties. It
is paramount that the robot sense events and take responsive actions. Needs of the open
work site, like robot intelligence and robustness, drive the agenda for field robotics
research. ’

Robots, in general, fall into three classes, each distinguished by the control procedures
available to the robot and its relationship to human supervisors. The first of these classes,
programmed robots, perform predictable, invariant tasks according to pre-programmed
instructions. Teleoperated robots, the second of these classes, includes machines where
all planning, perception, and manipulation is controlled by humans. Cognitive robots, the
third class, sense, model, plan, and act to achieve goals without intervention by human
supervisors.

Programmed machines are the backbone of manufacturing; preprogramming is
extensible to an important class of field work tasks (mostly on the periphery of the field
work mainstream, and mostly unenvisioned and untried at this time). Programming
commands actions through scripts that are played back by rote with branching of the
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script occurring at specified times or in response to anticipated events. Such scripts are
only useful for predictable and invariant tasks, limiting the general use of pre-
programmed robots for field work.

Teleoperated machines, servoed in real-time by human operators who close the strategic
control loop, amplify and project the human. Because all perception, planning, high-level
control, and liability rest with the human, teleoperation circumvents the most difficult
issues that face other robot control modes, including the liability of passing control
between machine and human and coping with unanticipated scenarios.

Teleoperation is proven where man does not tread, where demands are superhuman,
where tasks are unstructured (by current measure), where liability is high, and where
action is inevitable. A downside of teleoperation is that much is lost in translation across
this man-machine interface. Robot bodies and senses are not optimal for coupling to man.
Similarly, human minds are not optimal for the control of robots because of limitations in
input/output bandwidth, memory structures, and numerical processing. The prospect
exists for field robots to outperform their human counterparts in many ways.

Cognitive robots sense, model, plan, and act to achieve working goals. Cognitive robots
servo themselves to real-time goals and conditions in the manner of teleoperators but
without human controllers; they are their own supervisors. Cognitive robots pursue goals
rather than play out scripts; they move toward goals and notions rather than to
prescriptions and recipes. Although software driven, they are not programmed in the
classical sense. Cognitive robots are perceptive and their actions are deliberate; they
operate in the face of the vagaries and contingencies of the world. Task performance by a
cognitive robot is responsive to the state of the environment and the robot itself.

Hybrid forms of teleoperated and programmed machines are becoming increasingly
attractive as robots. For example, because factory processes are becoming more
sophisticated as they integrate preprogramming and sensing, supervisory controllers and
sensory feedback with teach/playback are becoming new research goals. Hybrid,
supervisory, and programmable robots are also evolving from the roots of teleoperation
in the nuclear service and decommissioning industries.

However they are classified, the most striking observation of present-day robots is that,
with few exceptions, robots lack the ability to perform with any generality, which is the
goal of truly capable systems. Even when task directives and methods of procedure are
explicit, unforeseen difficulties arise that impede or halt the robot's progress.
Autonomous navigation systems, for example, lack the capacity to negotiate traffic or
move quickly across unexplored rough terrain. These robots are often debilitated by
uncontrollable circumstances, such as bad lighting and inclement weather. Nor can they
always cope with conflicting data to resolve ambiguities. Only now are driving robots

178



beginning to distinguish shadows from roads and separate real obstacles from the
phantoms caused by spurious sensor readings.

The Use of Field Robots ‘

Factory robots bring the repeatability, productivity, and quality control of automated
mechanisms to manufacturing industries. The other historical motivation for using robots
is to relieve humans of duty in hazardous environments. The nuclear industry was quick
to adopt telerobotics so that human presence can be projected into places where the need
for radiation protection hinders manual work or precludes it altogether. Teleoperated
manipulators are presently saving thousands of man-rems of exposure in the routine
servicing of reactors and associated steam generation equipment; recovery from the
Three Mile Island and Chernobyl accidents would not have been possible without robotic
worksystems specially commissioned to operate in those scenarios. For their specialized
agenda, these nuclear-qualified robots exhibit high competence, owing to the fact that
they were built to meet explicit performance goals and design criteria.

The world is now positioned to apply robotic technologies in other commonplace
scenarios. Non-factory work sites are ripe, virtually untouched, and inevitable arenas for
robotic applications. Labor efficiency on field sites is alarmingly low and the need for
improved productivity is evident. Worker tjme spent idle or doing ineffective work may
exceed half the work week, and productivity has generally been in decline for two
decades. Thus, industry size, economics, existing inefficiencies, and competition motivate
the introduction of robotics to field work. Other motivations include quality assurance
and the prospect for better control over the field work site of the future. Further, because
field work is often hazardous, concerns for health and safety provide additional impetus

for robotic implementations. '

In addition to all these motives, certain applications are inevitable because man is not
perfectly suited for field work; machines are often better equipped for many applications.
Man, for example, is vulnerable to hostilities such as weather, dust, vacuum, submersion,
and cave-ins, and limited by a lack of scale or power for activities such as mining, material
handling and construction. Man lacks certain sensing modalities, memory structures, and
computational abilities that will allow the robots of the future to precisely sense and
execute tasks in scaled or measured environments, and optimize automatic material
distribution throughout a site. The needs of the field industries drive the development of
unstructured robotics just as manufacturing and assembly drove structured robotics and
hazardous environments drove teleoperation.

Early applications of robotic arms in manufacturing léveraged on their accuracy,
consistency, and repeatability to achieve productivity, performance quantified on the
basis of speed and the efficiency of resource investment, particularly the human resource.
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Similar increases in productivity are realizable in applications outside the factory. For
example, proper characterization of a hazardous waste site requires an enormous amount
of data to be taken over a large land area. There are current efforts to automate this
process by replacing manual data collection with mobile robots that can acquire and
spatially correlate site information. Orders of magnitude increases in the amount of site
data, as well as higher precision position estimation, will enable more complete
assessments and ultimately reduce the cost of the investigation process.

Excavation is another excellent application to further the evolution of robotics because of
its significance in scale and economic importance. It operates on a universal and generic
material (soil), and excavation’s goal and state can be described adequately by models of
geometry and kinetics. Further, excavation is tolerant of imprecision, well-understood as
a human driven process, and prototypical of a host of spin-off applications. One
motivation for robotic excavation is the hazard in such tasks as blind digging of gas lines,
retrieval of unexploded ordnance or removal of hazardous waste from a landfill. Another
motivation is the productivity and process control that could be realized in mass earth
moving operations. Unmanned excavation will reduce the human injuries and property
losses attributed to explosions, decrease operation costs, and increase productivity by
lengthening the work day.

Automation of surface mining has the potential to increase safety, decrease cost, and
revolutionize control of surface mining operations. Elimination of human operators could
circumvent current variables of operator quality and availability and monotony of the
task. Further, automation of surface mining is seen as a building block toward general
work site automation. Surface mining lends itself well to automation. Driving and
haulage are simple actions in comparison with the richness of other robotic tasks like
manipulation. Off-road navigation can also be extended to the applications of agriculture
and timber harvesting. The environment can be known in advance and rigged to an
appropriate level. Because the task is repetitive (the same paths are traversed for years),
explicit plans alleviate the need for the robot to explore or learn about its environment.
Although it must be able to handle a range of contingencies such as obstacles, an
autonomous haulage system is primarily a performer of preplanned actions relegating
perceptive sensing to a mechanism of self-survival.

A new generation of robots, grounded in existing robotic technologies, is on the horizon
and will find widespread utility.

Robotic navigators are one class of systems that have several applications, including
haulage, material delivery, and waste site characterization:- Through automation of off-
road driving, these tasks can be performed with less direct human involvement, thereby
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increasing a worker’s productivity through simultaneous control of several vehicles and
removing his exposure to potential hazards.

Ground vehicles realizable in the near term will navigate under general lighting and
weather conditions at productive rates of travel. Some will drive on streets and highways;
others will negotiate rough terrain with variable geometry and natural surface
characteristics. They will employ multiple sensory modes for guidance; use maps from
several sources and of various resolution; detect, recognize and avoid obstacles; and be
cognizant of their own dynamics. Future generations of robotic off-road navigators will
focus on the design of robust navigational schemes. Obstacle detection and recognition
will be extended to accommodate dynamic obstacles like other vehicles so that these
robots will ultimately be capable of driving in traffic.

By coupling manipulation to locomotion, a robotic vehicle that can navigate off-road can
be complemented with the ability to perform useful work. A terrestrial robot worksystem
can be used in construction applications, such girder emplacement, excavation, and brick
laying, and hazardous applications like handling of radiological material, waste
packaging, and decontamination and decommissioning of nuclear facilities. These tasks
share the common denominators that the robot physically engages and manipulates its
environment and that the setting for these operations is often very hazardous.

These steps to enhance teleoperation of the worksystem provide the foundation for
enhanced performance through increased task autonomy. The worksystem will evolve
incrementally, as operations performed under human control in one generation are
automated in the next. Interaction between man and machine will become simpler as the
robot becomes able to accept higher level commands, and the human'’s role will transition
to supervisor.

Next generation worksystems will perform certain subtasks on their own, while the
operator exercises direct control for the more difficult operations, monitors subtask
execution, and intervenes as needed. In the case of excavation, subtasks might be the
scooping and unloading phases of the digging cycle; for building construction, subtasks
might include grasping an I-beam and carrying it to location where a building foundation
is being established. These capabilities will develop from the basics of manipulator
control and geometric model building of the enhanced teleoperator by adding the
capacity to recognize objects and the ability to reason on perceived geometry and force.
Future generation worksystems will combine subtasks, automate more difficult aspects
of the tasks, and add execution monitoring to achieve a higher degree of autonomy.
Alternatively, it might be desirable to pursue execution of-a variety of tasks using one
worksystem with multiple tools and operating modes to achieve higher utility.
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The Evolution of Robotic Technology

Robotics research has reached a threshold where technologies are beginning to find
performance niches in which their implementations show comparative advantages over
older technology or allow the performance of tasks previously unperformable. We are
also witnessing a shift in implementation process from ad hoc integrations to disciplined
development of complete systems.

Robotic technology has gained competence in the key areas of sensing, cognition, and
control, to the point where new applications are feasible. Early robots had only
mechatronic sensing with which they measured directly observable external variables,
such as displacement and force, and could perform only simple operations, such as
inspection, loading, and other positioning tasks. Increased understanding of vision and
other sensory processes has made it possible for robots to make interpretations of their
environment. Advanced robots extract and recognize certain features in data, often from
multiple sensors, on the basis of pre-stored symbolic representations. This makes them
capable of more challenging tasks, for example, manipulating irregularly shaped objects
and assessing navigability of roads and paths. A very demanding task, like construction
of a building, which requires not only the recognition of features and objects, but
understanding of their semantic interplay, is presently beyond robotic technology.

Similarly, robots are able to undertake more challenging tasks as a result of advances in
machine cognition. For early robots, planning was algorithmic and often no more than
continuous state error correction, as in charting and following a trajectory. It is now
feasible for robots to perform tasks like shaping soil and walking over rough terrain,
which require automatic planning of significantly greater scope and depth: plans mustbe
decomposed from goal specification into executable actions, and plan formulation has to
be done in the face of uncertainty, requiring execution monitoring and use of
contingencies. Coordination of multiple, potentially conflicting subgoals to fulfill a single,
high-level directive, such as “clear obstacles from the road,” remain too ambitious for
existing robots.

The evolution of robotic technology is also evident in the increasing physical challenges
met by robots. The first robots had kinematic control only, and their task domain spanned
only operations that could be expressed by prescriptions of robot position. Better
understanding of robot mechanisms and the application of more advanced control theory
has enabled tasks that involve dynamic interaction of the robot with its environment, like
stable walking and excavation. We are now implementing control at the task level, which
goes beyond control theory and includes cognitive functions, such as error detection and
fault recovery, so that occurrences, such as an unexpected obstacle, a sudden loss of
traction, or a dropped payload, do not prevent completion of a task.
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Future Directions

Despite evident need and apparent promise, the evolution of field robotics has not been
straightforward. Ancient crafts have been historically slow to embrace new technology.
Research investment levels have been insignificant. No precedents in field work
industries for development programs of the requisite magnitude exist. Because field
problems are difficult, quick fixes or one-time solutions are few, running counter to
historical insistence on short-term payoff for investment. Obstacles to the growth of field
robotics are compounded by the lack of common ground between the field industries and
the robotics research community. The industry cannot yet visualize a programmatic
course of action for integrating the growing robotic technology with its own.

At this time, construction, subsea, space, nuclear, mining, and military applications are
driving and pacing many field robotics developments. Subsea and space applications, in
particular, present unique technical challenges to robots, specialized motivations for field
work, and constraints and regulations that discourage the use of human workers.
However, the formative integration and drive for field robotics must ultimately come
from the field work industry itself. The inevitability of field robotics will drive its
evolution despite the immediate immaturity and impotence of the field.

It is likely that all three classes of robots and their hybrids will find sustaining relevance.
Experiences are too few and it is too soon to resolve the relative importance of these forms
or to discount the potential of any form. The Japanese have embraced teleoperators and
programmed machines for field work. Perhaps the early American views of field robotics
overestimated the need for sensing, artificial intelligence, and autonomy. Though it now
appears that attributes of intelligence, particularly the ability to deliberate performance
of tasks, will eventually dominate field robotics, nonetheless, teleoperators and
programmed machines have both short- and long-term relevance.

If robots eventually prove themselves infeasible for unstructured environments, our
views on what constitutes structure must change. Robots other than teleoperators may be
irrevocably synonymous with structure. Our judgment in this matter should not be too
clouded by current measures of structure and machine perception. It is common to
mistake or overestimate chaos in a task environment simply because form and
understanding are not apparent. There is a great prospect for structuring the apparently
unstructured either by discovering structure or by imposing it.

The evolution of field robots will distill unique attributes for robots with working goals
in unstructured environments. New robotic forms will emerge with the capability and the
strategic competence to construct, maintain, and demolish. The evolution of field robotics -
will no more culminate in a single, ultimate form than did its biological counterpart.
Rather, classes of robots will emerge for classes of work within classes of constraints.
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Even the robot genus/species formed and proven in other application domains remains
untested by field work. No doubt most of the forms evolved for other purposes will find
relevance somewhere in field work, if only because field works umbrella is so broad. The
discipline of field robotics is embryonic. Its maturation is inevitable, but its mature form
is not apparent. Given the uncertainty of what robotic forms may be relevant to field
work, we argue that the field should remain open to all possible

The discipline must persevere to distill the unique identity and intellectual content of
field robotics. The uniqueness of field robotics appears to lie in the cognitive skills and
goals specific to the synthesis of an end product. Much research and many goals in field
- robotics, however, are generic to unstructured robotics, so field work can benefit from
- parallel developments in related fields. Little applicability would be lost by changing the
domain specificity from field work to nuclear, mining, timbering, or military. It seems
that field work will be dragged reluctantly to the opportunities of robotics. Nuclear,
military, space, and offshore interests are embracing and driving the ideas now. It is
essential that field robotics identify and drive the developments that will distinguish it as
a discipline of its own.

References

Bares, J., E. Krotkov, M. Hebert, T. Kanade, T. Mitchell, R. Simmons, and W. Whittaker,
“An Autonomous Rover for Exploring Mars,” Special Issue on Autonomous Intelligent
Machines, Computer Magazine, June 1989.

Everett, H.R., “Robotics Technology Areas of Needed Research and Development,”
White Paper 90G/119, Office of Navy Research, September 1985.

Kanade, T., Thorpe, C., and Whittaker, W., “Autonomous Land Vehicle Projectat CMU,”
ACM Computer Conference, February 1986.

Martin, H. and Kuban, D., Teleoperated Robotics in Hostile Environments, Dearborn:
Robotics International of the Society of Mechanical Engineers, 1985.

Moavenzadeh, F., “Construction’s High-Technology Revolution,” Technology Review,
October 1985.

Motazed, B, “Interpretation of Magnetic Sensing for Construction Inspection,”

Proceedings of the Second International Conference on Robotics in Construction,
Pittsburgh, June 1985.

184



Motazed, B. and W. Whittaker, “Interpretation of Pipe Networks by Magnetic Sensing,”
Proceedings of the First International Conference on Applications of Artificial
Intelligence in Engineering Problems, Southampton, U.K., April 1986.

Osborn, J., D. Pahnos, T. Stentz, C. Thorpe, and W. Whittaker, "Field Robots: The Next
Generation, " white paper, The Robotics Institute, Carnegie Mellon University, January,
1990.

Paulson, B., “Automation of Robots for Construction,” ASCE Journal of Construction
Engineering and Management, Vol. 111, No. 3, September 1985, pp. 190-205.

Sagawa, Y. and Nakahara, Y., “Robots for the Japanese Construction Industry,” IABSE
Proceedings, No». P-86/85, May 1985.

Suzuki, S., “Construction Robotics in Japan,” Third International Conference on Tall
Buildings, Chicago, 1986.

Warszawski, A., “Application of Robotics to Building Construction,” First International
Conference on Robotics in Construction, Carnegie Mellon University, 1984.

Warszawski, A. and Sangrey, D., “Robotics in Building Construction,” ASCE Journal of
Construction Engineering and Management, Vol. 111, No. 3, September 1985.

Whittaker, W., “A Remote Work Vehicle for the Nuclear Environment,” Proceeding of the
First Regional Meeting of the American Nuclear Society, Pittsburgh, September 1986.

Whittaker, W., “Construction Robotics: A Perspective,” International Joint Conference on
CAD & Robotics in Architecture and Construction, Marseilles, June 1986.

Whittaker, W., “Design Rationale for a Remote Work Vehicle,” Proceedings of the 34th
Conference on Remote Systems Technology, American Nuclear Society, Washington,
D.C., November 1986. '

Whittaker, W., “Teleoperated Transporters for RERR,” Proceedings of the Workshop on
Requirements of Mobile Teleoperators for Radiological Emergency Response and
Recovery, Dallas, June 1985.

Whittaker, W. and Bandari, E., “A Framework for Integrating Multiple Construction
Robots,” International Joint Conference on CAD and Robotics in Architecture and
Construction, Marseilles, France, June 1986.

185



Whittaker, W. and Motazed, B., “Evolution of a Robotic Excavator,” International Joint
Conference on CAD and Robotics in Architecture and Construction, Marseilles, France,
June 1986.

Whittaker, W. and L. Champeny, “Capabilities of a Remote Work Vehicle,” Topical
Meeting on Robotics and Remote Handling in Hostile Environments, American Nuclear
Society, Seattle, March 1987.

Whittaker, W., G. Turkiyyah, and M. Hebert, “An Architecture and Two Cases in Range-
Based Modeling and Planning,” Proceedings of the IEEE International Conference on
Robotics and Automation, Raleigh, April 1987.

Whittaker, W., J. Bares, and L. Champeny, “Three Remote Systems for TMI-2 Basement
Recovery,” Proceedings of the 33rd Conference on Remote Systems Technology, San
Francisco, November 1985.

Whittaker, W. et al., “First Results in Automated Pipe Excavation,” Proceedings of the
Second International Conference on Robotics in Construction, Pittsburgh, May 1985.

Whittaker, W. et al., “Mine Mapping by a Robot with Acoustic Sensors,” Proceedings of
the Second International Conference on Robotics in Construction, Pittsburgh, May 1985.

Whittaker, W., “Cognitive Robots for Construction,” Annual Research Review, The
Robotics Institute, Carnegie Mellon University, 1986.

Whittaker, W.L., K. Dowling, J. Osborn, and S. Singh, "Robots for Unstructured
Environments,” Unmanned Systems, 8, Winter 1990.

Yamada, B., “Development of Robots for General Construction and Related Problems,”
Research Conference, Material and Construction Committee, Architectural Institute of
Japan, October 1984.

Yoshida, T. and Ueno, T., “Development of a Spray Robot for Fireproof Treatment,”
Shimizu Technical Research Bulletin, No. 4, March 1985.

186



RESPONSES TO OBJECTIVE QUESTIONS

SATELLITES/SPACE PLATFORMS WORKING GROUP I

* ROAMER PREDMORE
* STU LOEWENTHAL

TED NYE
HERB SINGER
KENT ROLLER
RODGER SLUTZ
RALPH JANSEN
WILLIAM JONES
ED KINGSBURY
BERT HAUGEN
ROY MARANGONI
STEVE PEPPER
DAVE FLEMING
PILAR HERRERA-FIERRO
BEN EBIHARA
YNGVE NAERHEIM
MIROSALW OSTASZEWSKI
JIM GLEESON
WILLIAM ANDERSON
LARRY PINSON

* Group leader

187



HIONVIIOJLYHAd ANV HAT'T NI ALI'TIAVIIVA SEDNAdOdd

(SHLLRINAAD ALI'TVNO/NOLLISOdNOD ALVILSINS WSINVHDAIN (IT)
NATIOUd V INTAHSINATdAT INVOIaN1 (00

SINATIOYd INASTId SONIIVAL NOLLOAS-NIHL ‘A9dV'T
INHLSIXH-NON A TIVIN VLVA HO HONVHIXH

SNOIMALATAA SLOAAAH HOVHOLS

NAMONIINO HALL

SASHAA NOLLIOTIA 40 TOALNOD/SOLLSIIALIVAVHD dSIOHAd
STAAON TVILLATVNY ALVNOAAVNI

SHEOALVALS ONLLSHL LNAIDIAAA

NAMONINA SLIHIAA SIOLOVA TVINHNNOIIANA

NAMONIINN VIIALIAD JdN'IvA

SINVOIMAN'T

40 SOLLSALIVAVHD HATT-ONOT 40 IOAATMONY A0 MIV'T

(6)
(8)
L)

(9)
(©)
¥)
(€)
4

(D

l
I# SWHOALV'Id HOVdS/SALITTALVS

SHTOVILISAO A0 LST'T d4ZILIJOIdd

188



ABajeiis uoneougqn| e peaN @
sBuneoo Jauueg jo Bulpuelsispun Jj8lleg @

SNOISSIW FHN.LNd HO LNIHHND HO4 SAIIN ADOTONHOIL

agn wnnoea dwal-ybiH 110}}8 pajAl«|lewS gdiN @

SuU0J10BI81U| 90BNG 110}}8 wnips N IDHOTVSVN @

ABalens agn 10j48 ybn JjlomAsuoH @

aWI19}i| 03 SNIBIS 99BLINS 8Qgn| JO UOIIE[8II0D 140338 1ybn T1DSD e
Vv3dV IHL NI HOY4V3S3d JAILOV

v @

SNOISSIN VSYN-NON ANV SNOISSIIN VYSVN 318V0I1ddY

(jer18 ‘jdealn) swisiueyoaw Jajsuell jueduqnj jo abpajmous panwi o
uoilezuialoeieyd /sisAjeue adejins pooo ®
j.Siued-ayj-jo-iessg, ®

1HV 40 31V1S 1N3HHNI

8}l] PUB SUOI}IPUOD 80EBJINS UBdM]aQ UOIIE[810D JO OB|
salousIolep ssaooid uoneslddy

swisiueyoaw ainjie} jJo Bulpuelsiapun jo oeT
sa|iadoud Mying SNSIaA Wi ulyl

SUO110BJBIUI BgN|-a0e4ins Jo abpajmouy alenbapeu)
sjapowy/sanbiuyoal uoilelsjadde paywi]

(@3IAIT0H3d HO NMONM) S3ION3TIDI43d ADOTONHIIL

SINVOIHEN 40 SOILSIHILIOVHVYHI 3411-ON01 :370V.1S80

L# dNOYD SIWHO41V1d 30VdS ANV S3LITIILVS
'S370V1SE0 Q3IAITIHId HO LNIHHND SIWSINVHOIIN 30VdS

189



saliAnoe Builsixs Jo uoneulpioo) @
elep/uoj}je Buiisixa Jo AaAains/iuawissassy @

SNOISSIW 3HN1Nd HO LN3IHYND HO4 SA33IN ADOTONHO3L

BII8JUID 8injiey JueduUgNT pin|4 10443 ,WNIPa,, [emAsuoH @
AwuBajui aoejung 110}J8 |lewsS JNN @

Uoi19918p UMOpEaI] JUBDLANT 310449 |jews adeiQ1HN @
umopiealg jueouqgn 110}40 paN«|ewS GdN @

V3dV 3HL NI HOHV3S3d JAILDVY

v @

SNOISSIN VSYN-NON ANV SNOISSIN VSVN 319VI11ddV

soseq ejep psjuswbel4 @

pallwi| salpswsy @

sajel/sjsuueyo ejep payiwil @

ollsoubelp SNSISA pajuslo 20UBWIOdd @

14V 40 31VLS IN3IHHND

aseq eijep aienbapeuy)

uoneojdde yum Bupsal jo uone|slio)
1uawdinba 1881 Jo AlAIISUSS/ADBINDDY
ainjie4 jo uoniuyag

(Anawa|a}) Buisuas/Bunoluop

(Q3AI30H3d HO NMONM) S3ION3I0I43a ADOTONHIIL

VIH3LIHD 3HNTIvd 370Vv1iSHO0

L# dNOYO SIWHO41V1d 30VdS ANV S3LIT3LVS
"'SFTOVLSEHO0 A3AIFOHId HO LNIHHND w_>_w_Z<IUm_>_ 30VdS

190



$108}J9 pPuUE JUBWUOIIAUD JO Buiepow isllag @
Buisal pauiquiod oy saljioe) pue spoylow dojgasq @

SNOISSIN FdNLNd HO LN3HHND Y04 SA33IN ADOTONHOIL

'012 ‘0IAS ‘VSVYN "INV - S2IpnIs 0i3ausIos snojownN @
43071 e

Vv3adVv JHL NI HOHV3IS3Yd JAILOV

‘019 ‘Alelaue|disiul SNSIBA }QI0 ylieg - oi10adg uoissIy @

SNOISSIN VSYN-NON ANV SNOISSIN VSVN 318VvOi1ddVv

Alpqede) 1sa) pauwll @
sajewlisy ,epniy, @
SIUBWUOIIAUS pauIquod JO joeT - uollejnwis |ellied @

14V 40 31V1S IN3HHND

abueyoxa uojjewlsoyul Jo Joe] @
BleQ 8319|1040 @

ov - ainjesadwa] -
D-0497 - IN3/ON3T - uoieipey -
suqgap |eHqIO - UonBIGIA - ainssaud -

uonezusloeIRY) 9IBINDDY @
(Q3IAITOHId HO NMONM) S3IONIIDI43A ADOTONHI3IL

SHO1OVd TVLINIWNOHIANT J70V.LSH0

L # dJNOHO SINHO4LV1d 30VdS ANV S3LITI3LVS
'S3TOVLSH0 dJAITOHId HO LN3HHND SINSINVHO3IIN 30VdS

191



saniiqeded Bunsixe Jo AsAINg @
anbiuyosal uoneuiwos|p aanelijlenb doj@asp/puny @

SNOISSIN 3HNLNd ANV LN3JHNO HO4 SA33IN ADOTONHI3L

polWI @
V3HV dHL NI HOHVY3S3Y JAILOV

v @
SNOISSIN YSYN-NON aNV SNOISSHA VSVN 318VOIlddV

Aljgedes |eoljAjeue poo @
wialsAsqns-jusuodwod snsisA Buiusaiog @
Buinyse) ajlj sawl-leay @

14V 40 31V1S INJIHHYNO

elI910 ainje} aienbapey; @
Allowosb ‘uoilow ‘peo| ‘JuswuolIAug - uollejnwis alenbapeu] @
spoylaw Bujisa) pajelajoody 8ienbspeu; @

(@3NAI20H3d HO NMONM) S3ION3IDI43a ADOTONHOIL

S31931VH1S ONILS3L J70VLSd0

L# dNOYD SIWHOL1V1d 30VdS ANV SALITIALVS
"'S370V.LS90 G3AIFOHId HO LN3IHHNO SINSINVHOIW 30VdS

192



|opow JO 3SNSINN @
(o1 ddeyisay/ 1dx3) |apows Buimojjo4 Jo Bujpes] @

SNH3ONOD

(uonoelalul) AJIAIIOBUUOD [BPON @
sainpaooid Buisal pileA @
(sjeualew-oueyoapy) sjgpow |eaibojoquy a3e|dwo) @

SNOISSIN LN3HH4ND HO4 SA33N ADOTONHO3L

UMOUY JION @
v3dVv JH1 NI HOHV3S3d 3JAILOV

v @
SNOISSIN VSVYN-NON ANV SNOISSIN VSVN 318VvOIlddV

*3]qEjIRAR S|SpOW |9A3] JuauUOdWoD JIWBUAD paliwl] @
"[9A8] Jusuodwod 8y} e peq jou S|8pow 211eIS @

14V 40 31V1S 1N3HdNO

*ssnbjuyoa)l uollolpaid aji jJoyoel @
ii¥se L pue juswadxy - UOIIBOJLIBA PAJIWIT @
jwalsAs 031 jusuodwod wo4y UOIIJBUUOD OU/BIT @

(@3AIZ0H3Id HO NMOND) S3ION3IDI43Aa ADOTONHIIL

ST3IAON TVIILATVYNY J71D0V1Sg0

L# dNOYD SIWHOLLV1d 30VdS ANV S3LITI31VS
'S3FTOVLSHO A3AIFOHId HO LNIHHND SINSINVHOIW 3OVdS

193



TVILLYIA ANV TVIILYVT - ALIALLDINNOD TAAON TVOLLATVNY  (S)
NOLLVINIIS INANNOIIANT TINIFINOD ()

SNOLLOVIALNI INTANOWIANA/ALVILSANS/INVOIIINT (€)

SHAOW TANTIVA 40 ONIANVLSHIANN (D)

STHAOW ANV SHNOINHOIAL ALVIATIOOV (1)
.

I# SWJOJLVId HOVdS/SHLITTALVS

SAHAN ADOTONHIHL A0 LSTT AAZILIIONId

194



LAVHO MO DIYANTD - SSHOOUd NOISHA TAAOW (Z1)
(STAAOW) STOOL TVOLLATVNY d0 ONILSIT (IT)
SINSINVHOAIN TVDIJAL A0 SNOLLARIDSHA DTIANAD (01)

AAVLATIdOUd YOA SHALTLA AAV 6 ANV 8)

HSLLIALXH A9 LSTT H0UN0S XIVINNTOA

HSVH HONATIAIXH - LIOVINOD A0 SINIOd

HINTIVA ANV SSEOINS ONLLIOITA JOA NOISIAOUd
VIAALIYO JdN1Ivd

(SININHTddNS) MHATATH SNONNLLNOD - INFINNDOA ONIAT'T
S.LINI'T 4O NOLLVDIAIDAdS

SHOLOVA TVINHINNOIIANA

(SAIOLSTH) SHIANLS ASVD

SNOLLV.LINI'T 40 NOLLVDIITVNO

(6)
(8
@
9
©)
¥)
(€)
@
(D

o ———————EEEEEEEE————

(I# SWMOALV'1d AOVS/SALITTALVS)

MOO4ANVH SANITHAIND NDISHA SINSINVHDHAIN
HIVAS V NI AHANTONI 39 OL NOLLVINIOANI

195



AJOLISOdHY "TVIINAD HSI'TAVLSH

(SSHODV ANV AHAdS) NOLLVOI'TINd A0 SNVHIN THL HAOUYIAI
IONVHIXHT NOLLVIWHOANI ‘NOLLVDINNANINOD HONVHNA
(SUVIAX S <) INTNLININOD ONIANNA NIAL-ONOT
NOLLVIAN-IOANI TVOINHOHAL 40 NOLLVOMISSVIOHd

(HOAVIS TANLVIALIT NI dVAddY SYAdVd HdAL-ALAIDO0S AINO)
ANOA TAHAM LVHM ‘SIONTIAATT SYAHLO HOVA AONVHOXH

SHASSI SLHOIM AYV.LAddOdd -

SSHTIA d(1 NAJO OL AVd M d'INO0D -

qaHSI'190Nd Ld9D

LON SHOd LYHL MJOM DNIOA ST AYLSNANI ANV INFNANIIAOD

(1# SWIOALVTd ADVAS/SALITTALYS)

@
()
)
#)
©)

@

(D

NOLLVINJOANI 4O NOILVNIWASSIA ANV INHINdOTHAHA
ADOTONHIOHL HAOUdAI OL ANOA d9 NVD LVHM

196



dOO'Td MAN LOVILLY - INTNdOTAAAA YATAVD AOVINOINA
WHAL VAN ANOATL ASVI ADOTONHDAL NAHLONTILS/dOTIAAA
NOLLVHAdOOD NVI'TIAID-AYV.LI'TIN

(X2I'TOD NVId WIAL-HONO'T TAISTHOD

(SINIVILSNOD) SANSSI XJOLVINOTA

S3ON4 914 ‘WVAL-ADAVT “YVAX-LL TN ST IOOIANVH
SGINAINHATOANI NOTTIOA

SSTAONOD ‘OH - VSVN @ X49071 S.0dT -

OdT OL ALT'TIIISIA WSINVHDAN dAAN --
W THAOW XALSAANI LAVIDUIV, ONIANNAA AANNLINOD

)
)
9
©)
(2)
(€)
@

(D

!
(I# SWYOALV'1d ADVAS/SALITTALVS)

SANSSI YAHLO

197



(NVId NOLLDV) d0-MOTIOA 04 ATNAAHDS HSITIVIST (S)
SHLLI'TIDOVA --
TANNOSYHHd --
(AL AVIN A¥HA) SALLITIIVAVD A0 DOTVLVD ¢
SONLLIHN 4vINOTA (€)
_msémvom.m HJALLVIAJOO0D (7)

NOLLVINJOANI HONVHOXA OL --
dNOUD INITIOM YO TALLININOD INANVIARIA (1)

!
(I# SWHOALV'1d HOVJS/SALITTALVS)

¢LXHN LVHM

198



RESPONSES TO OBJECTIVE QUESTIONS

SATELLITES/SPACE PLATFORMS WORKING GROUP II

* DOUG ROHN
* PAUL FLEISCHAUER

WILLIAM LOGUE
DENNIS SMITH
PETER WARD
ROBERT GRESHAM
KARL MECKLENBURG
WILLIAM CLARK
JOANNE UBER
MICHAEL KHONSARI
WAYNE BARTLETT
ERV ZARETSKY
FRAN MARCHAND
MARK SIEBERT
GARY WALKER

* Group leader

199



SASSHOOUd

NOILLVORIINT 40 LOHAAH 2 HSAVD TVINHNVANIA
SNOILLVOI'IddV HdNLAA 04 SININOJINOD ANV STVIIALVIA
MIAN dOTHATA OL HOYVASHY ADOTONHOHL WAL ONOT
ONLLSHL H'TVOS

TINA ANV ONLLSHL HONHI NHHMALAI NOILVTHIIOD 400d

- SGOHLAN LSAL HATT HLVIATIDDV 404 @HIN
NOILVZIQAVANV.LS dOHLT ISHAL ANV ONILIOdHA 40 MDV'I
VLVA LSAL ADO0TOIIYL 4O HdAL HONOIM HO LNHIOIAANSNI

VLVd LSHL ® SCOHLIA LSHL 40 MDV]

SONLLHAN dNOAD ONITIOM HONOHHL -
SHILLNNOD NOIHIOA HLIM -
JHNOLSND-OL-ANVAINOD -

HHASNVIL ADO0TONHOUL

AULSNANI ANV INJANTHAOD NWOHA -
HSVUHVLVA AYOLSIH HSVD ANV TANYVHT SNOSSH'T

HHASNVIAL ADOTONHIHAL ANV SNOLLVYDINNAINOD 40 MDV']
INFINAAIAOV %001 -- (STTOVLSAO dNOAD ONINIOM HHL
HNODITAO OL) HNIANNA WHAL ONOT ‘INALSISNOD A0 JDVT (D)

()

@

|
% SWI04LVId HOVdS/SHLITIALVS

SHIOVILISAO 40 LSI'T A4Z1LIO1dad

200



AIASOJAI AV SNOLLONATT A'TNAAHIS

ANV LSOD NHTHM NHAH TOYLLNOD ALI'TVNO NIVINIVIA
WVIHOUAI/NOISAA 4O LIVd Hd A'TNOHS TOWLINOD ALI'TVNO
SONIVAL DIAVITD ANV SINVORINT dI'TOS

MAN 89 - STVIIALVIN MAN d40d TOULNOD SSHOOUd 40 JIV']

TOYINOD .?EAANDO

SNOISHA LSNd0¥ 40 MDOV'1

SINALSAS MAN ANV TVNOLLVHAJO

OINI ADOTONHIHAL MIAN J0 DNIZI'TLLN 40 MIV'I

NOISAd OL HOVOUddV AAVNITIIDSIAIAALNI NV 40 MIV'I
STVIIALVIA 'TVANLONALS

JNSINVHOIIN AIDNVAAV 40 ASN ANV HDAIATMONS 40 MOV
ONDIODVI

(SOAYAS Y04 STAAON AINT/ONIIVALD SAOHLIN TVILLATVNY
(INHNNDO0a

ONIATD SHILLIVAd NOISHA AOO0D 404 AHAHAN SANITAAIND

NOISAA TVIINVHOTW ALVAOAAV 0 JDV'T

15—
¢¢ SIWHOJALVTd ADVAS/SHLITTALVS

SHTIOVLS4O0 40 LSI'T AAZILIIOIAd

(©)

¥)

201



MEHAAEB<W "TVNOLLVHAdO ANV O.LNI WALSAS INVOIIINT
HHL A0 NOLLDNAOWINI 404 SNOLLSANO TIV YAMSNV
OL SIWALSAS INVORIINT ANV STVIMIALVIN MAN OINI HOAVASAA (£)

. STVIIALVIA ONIIVHI
ANV INVOIIINT ddAVEOHd ANV HAT'T WALSAS LNVOIIdN1
NHIMLAI dAIHSNOLLVTIY LOAAAA ANV dASAVI dHL dOTIAAA ()

| | ASVd VILVA
LSAL V HSTTGVLSH ANV SCOHLAN ISAL ALLVIATIDOV AAOYINI (1)

. ______________________________________________________________|
¢ SIWHOALVId HOVdS/SALITTALVS

SAHAN ADO0TONHOHAL A0 LSI'T AHZILIYONRId

202



SINSINVHOHAIN dALVIII4NT 304
ALITIAVAVD ISAL ANV ASIAAY LIAdIXA XHOSIAQY 40 JALSIOTA (T)

dNOodD
ONITIOM STHL NI dASSNISIA NOLLVINRIOANI TTV HJANTONI (D

X

(Z# SWHOJALVId ADVAS/SALITIALYS)

MOOIANVH SANITHAIND NOISHA SIWSINVHOHN
HIVAS V NI AHANTONI 39 OL NOILLVIANRIOANI

203



- SdHSV4
VLVA ANAVHAT SNOSSHT ANV AJOLSIH HSVD HLALLLSNI -
SONLLAAN TVANNY HSTIAVLSH -
MIOOYANVH IWSINVHOHIN HOVdS VSVN V HLIIM -
JELINID dVAT VSYN V HSTTAVLISH -
SINTIWIA QAT NOLLVIINAIWINOD (1)

L ___________________________________________
(¢# SWHO4LV1d OVdS/SALITTALYS)

NOLLVINHOANI 4O NOLLVNIINASSIA ANV INHINdOTHAHA
ADOTONHDHL HAOIJI OL HNOA d4d NVD LVHM

204



HONVAIND SYALIVAOAVIH
VSVN AdIAOYd OL XYLSNANI WOdA AAVOd XJOSIAQV NV W04 (€)

SHLLIALLDV SINSINVHOHAIN
AOVdS LI0ddNS OL ‘DIT/0AVSNA 9409 OL SHINVANOD
XULSAANI ALVARId WO¥A LI0ddNS 40 SYALLAT ANAS (7)

SHINVANOD HLITTALVS AYdVLI'TIN ANV SHINVAANOD HLITTALVS
TVIDOYANINOD IWNOYA NOLLVAIDILIVd ISINVHOAIN ADVdS ALIANI (T)

-
(Z# SWIOALVId ADVJS/SALITTALYS)

SHNSSI YHHLO

205



TIdJNVXH VS HHL MOTIOH )

AIHSTTdANODIYV AV STALLDAIDO
dNOWAD HNDIIOM THL HANSSV OL AVAX V SHNLL T dO T LITN (€)

SINSINVHDAIN HOVdS 404 YAINAD AVAT SV D¥*T HSI'1avisd (0

ANNOYIAOVI SV LSI'T NOLLVOIIIN'1
ANV NOLLV.INASHYd d4dD NOLLVOI™IIN'1 LOdTIO0D -
MOOdANVH HITIM OL STHIINHIN d10dD ONIDIIOM AVd -
SOIdOL dNOAD HNIDTIOM TTV HANIONI -
SIOOIANVH SISINVHOAI ADVdS (1)

e
(Z# SWHOALV1d ADVdS/SALITIALVS)

oLXHN LVHM

206



RESPONSES TO OBJECTIVE QUESTIONS

PLANETARY SURFACE OPERATIONS WORKING GROUP

* BOB FUSARO
* DAVID THRASHER

JEFF MILLER
WILLIAM WHITTAKER
DALE FERGUSON
BEN CLARK
LEE MASON
TALI SPALVINS
MIKE KNASEL
MICHAEL SOCHA
RICHARD HALL
KAZUHISA MIYOSHI
ERIC MELLBERG
CURT STIDHAM
JIM DILL
KEVIN RADIL
STERLING WALKER
GERALD LILIENTAHL

* Group leader
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RESPONSES TO OBJECTIVE QUESTIONS

POWER/PROPULSION WORKING GROUP

* BOB HENDRICKS
* JERRY KANNEL

JOHN BOZEK
JEFFREY SCHRIEBER
BRUCE STEINETZ
ROBERT THOM
CHUCK LAWRENCE
THEO KEITH
HAROLD SLINE
JOHN COY
HOOSHANG HESHMAT
GEORGE STEFKO
FRANK KUSTAS

* Group leader
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SPACE MECHANISMS TECHNOLOGY WORKSHOP OUTPUT

The responses to each objective question (discussed by the four working
groups) were tabulated and prioritized according to the number of groups that
thought it was an important issue. The following includes tables illustrating
those responses and some written comments on each objective question.

CURRENT SPACE MECHANISMS OBSTACLES

The two obstacles mentioned by each of the four working groups were (1)
deficient testing methods and (2) deficient lubrication technology for
mechanisms. These appear to be the two major needs areas.

The problem with testing is that mechanisms are very systems dependent,
if one test parameter is changed, one can not verify that a mechanism will
operate as reliably or efficiently under the new condition. Thus, one has to
ascertain that all possible operational parameters (that the mechanism will
encounter) are evaluated. In addition, it is very hard to simulate a space
condition in ground based testing. For example, simulating a zero-g, high
vacuum environment or a dusty, wide temperature spectrum, high vacuum
environment (as will be the case on the moon) is quite difficult.

Since testing involves tribological effects, the effect of atmosphere type is
very important. Tests in air should not be performed unless one is absolutely
certain this environment will create no unwanted additional effects. When
liquid lubrication is involved there are currently no methods for accelerating the
testing because the lubrication mechanism is speed dependent. Testing also
must take into account vibrational effects caused during the launch of the
mechanism and effects due to storage of the mechanism.

Lubrication technology for space applications has not advanced markedly
in the last 20 years. The concern is that currently satellites are being put into
orbit with the expectation that they will last for longer periods of time and
demanding minimal contamination by outgassing of lubricants. Solid lubricants
would be ideal, but generally they have limited life. In addition, those that work
well in a vacuum usually do not function well in an air environment, and vice
versa. New liquid lubricants have been developed with very low vapor
pressures, but they have a tendency to break-down under boundary lubrication
conditions and thus their life is unreliable. There are other liquid lubricant
candidates for space applications, but the problem is that minimal testing has
been done for space qualification or the information on them is proprietary. In
the propulsion area, lubrication and testing in LOX has been a problem. And for
planetary surfaces, we have no experience in operating mechanical equipment in
very cold, dusty, high vacuum, or corrosive environments.
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The next most mentioned area was a lack of communication or lack of
data sharing. Three of the four groups mentioned this. The Aerospace
Mechanisms Symposium is held every year by NASA, but it was felt that this
symposium dealt more with design issues than with technology issues and was
not much benefit in disseminating technology information. Three of the four
groups also mentioned mechanism design methods. It was felt that new or
innovative methods need to be developed. It remains to be seen how to
accomplish this?

Two of the four groups mentioned quality control methods, space
environmental effects and mechanisms materials as being obstacles. The current
state of tribology is such that the performance of many lubricants is dependent
more on how they are applied than on what is applied. Similarly with
producing quality bearings, gears, etc. for space applications. It is important that
these parts are produced according to specifications, thus good quality control
practices are required. It is becoming more difficult to find good suppliers. Not
many materials are space qualified for mechanisms applications. Because
materials are qualified for structural applications, designers often choose such
materials, even though tribologically speaking they are poor choices, they are
selected only because they are "space qualified". Space environmental effects on
mechanisms and lubricants are, for the most part, indeterminate, especially on
the moon or Mars.

The other deficient areas mentioned at least once by one of the groups,
were: analytical models, storage methods, unknown failure mechanisms, and
consistent funding. Basically there are very few analytical models to predict a
mechanisms performance or how long it will operate. There is a lack of
information on how storage will affect the performance or endurance of
mechanisms. We do not know how many mechanisms fail when tribology
problems occur. And finally, it was felt that the key to improving the operation
of space mechanisms was to have consistent funding from NASA Headquarters
in this area.

SPACE MECHANISMS TECHNOLOGY NEEDS

The technology needs that were discussed for the most part parallel the
obstacles listed, however, the technology need responses tended desirable specific
areas that were not mentioned in the obstacle discussions. Improved lubricating
systems and accelerated testing techniques were listed by all groups. Improved
component materials was listed by 3 groups although only 2 groups mentioned
materials as an obstacle. Two groups mentioned better design processes,
knowledge of failure modes and environmental simulation as technology needs.
Analytical models, historical data, testing methods, rotating machinery, pumps,
solar and nuclear electric, transmissions, and boosters were mentioned by at least
one group. '
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HOW DO WE IMPROVE THE RELIABILITY OF MECHANISMS

The power and propulsion group was the only group that had sufficient
time to address the reliability of mechanisms issue, however their responses are
very applicable to the other discipline areas. They felt that: (1) a specialist in
mechanical components and lubrication should be involved during the
conceptual design phase of any project NASA should supply these specialists or
have a list of approved specialists. (2) A system incorporating a rigorous systems
of checks and balances should be established. (3) All plans should be reviewed
by technically competent engineers. (4) NASA needs to maintain a strong
in-house capability to guide and direct contractors as well as to develop needed
technology. (5) Realistic testing and simulation of the hardware should be
conducted. (6) Long term testing is needed to establish and assure a data base. (7)
While NASA's overall missions may change, research and technology in key
technological disciplines (such as mechanisms) which are important to many
programs should be maintained and stabilized. (8) Finally it was felt that we
should return to the "Apollo Philosophy".

WHAT SORT OF INFORMATION SHOULD BE IN A SPACE MECHANISMS
GUIDELINES HANDBOOK

All the groups felt a space mechanisms guidelines handbook was a good
idea. It was also felt that this document should be a "living” document, being
continuously updated as new technology and techniques are developed. A large
number of items were listed by each group as to the type of information that
should be included in this manual. The responses varied somewhat depending
upon the discipline and background of the group participants, but everyone
agreed that points of contacts or experts in various disciplines was one of the
most important items that should be included. The next most important item
concerned environmental effects that should be taken into account. Two of the
groups suggested that some case histories should be included. The rest of the
items mentioned by the groups are listed in the enclosed table.

HOW CAN TECHNOLOGY DEVELOPMENT AND THE DISSEMINATION OF
INFORMATION BE IMPROVED

The number one suggestion for improving technology development and
the dissemination of information was to establish a lead or central repository.
An important consideration that came out of this workshop was that
mechanisms technology is very generic. Technology developed for the satellite
industry can also be applied to planetary surface operations as well as to power
and propulsion problems. It would be beneficial to have one center correlate all
the mechanisms work which would apply to all the agency needs. This would
reduce costs as well as reduce the duplication of research. It was also felt that
regular meetings such as this workshop need to be conducted to foster the
exchange of information. It may be possible to have seminars or sessions at
engineering conferences that deal with space mechanisms. A number of other
items were discussed and they are listed in the enclosed table.
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OTHER ISSUES

The groups were also asked to list other issues that they perceived to be
important but were not covered in the objective questions given to the groups.
Each group tended to have its own issues. The only issue mentioned by two
groups was that better military-civilian cooperation is needed in the satellites
area. Various areas were discussed ranging from how to advocate a space
mechanisms program to very specific technology issues such as the need for
smart systems. The issues listed by the groups can be reviewed in the enclosed
table.

WHAT NEXT

All four working groups indicated that the first task that should be done i
the space mechanisms area is to initiate a space mechanisms handbook. (Note:
the production of that handbook is currently underway, being sponsored by Code
Q at NASA Headquarters.) The next task that all of the groups agreed upon was
that some forum which would permit regular discussions should be established.
Three of the groups stated that regular meetings should take place and three said
that a permanent advisory committee or working group should be formed.
Other items that should be considered include: have cooperative programs,
catalog capabilities (personnel and facilities), establish a lead center, have video
conferences, develop a newsletter, etc. The table on "What's Next" includes all
the items mentioned by the groups.

The Workshop ended with Professor Theo Keith of the OAI outlining a
possible plan whereby industry, government and universities could network
though OAI to develop educational courses, handbooks, computer databases, etc.
(see accompanying figure). Professor Keith also outlined a plan whereby the
workshop could lead to a steering group and then to a space mechanisms
advisory group to help advocate a program, to form coalitions, form agendas and
improve communication between industry, government and universities (see
attached figure).
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SPACE MECHANISMS TECHNOLOGY WORKSHOP ATTENDEES

Elrst  Middle Lastname

William
Wayne
John
Dave
Ben
William
Chris
James
Ben
Dale
Paul
Dave
Bob

Jim
Robert
Richard
Bert
Bob
Pilar
Hooshang
Ralph
William
Jerry
Theo
Michael
Edward

J.

Anderson
Bartlett
Bozek
Brewe
Clark
Clark
Dellacorte
Dill
Ebihara
Ferguson
Fleischauer
Fleming
Fusaro
Gleeson
Gresham
Hall
Haugen
Hendricks

Qrganization
Nastec, Inc.
NASA Lewis Research Center
NASA Lewis Research Center
NASA Lewis Research Center

Martin Marietta Astronautics Group

University of Pittsburgh
NASA Lewis Research Center
Mechanical Technology, Inc.
NASA Lewis Research Center
NASA Lewis Research Center
Aerospace Corporation
NASA Lewis Research Center
NASA Lewis Research Center
Battelle Labs

E/M Corporation

Battelle Labs

Lockheed Missiles

NASA Lewis Research Center

Herrera-FierroNASA Lewis Research Center

Heshmat
Jansen
Jones
Kannel
Keith
Khonsari

Kingsbury

Mechanical Technology, Inc.
NASA Lewis Research Center
NASA Lewis Research Center
Battelle Labs

Ohio Aerospace Institute
University of Pittsburgh
NASA Lewis Research Center
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City
Cleveland,
Cleveland,
Cleveland,
Cleveland,
Denver,
Pittsburgh,
Cleveland,
Latham,
Cleveland,
Cleveland,
Los Angeles,
Cleveland,
Cleveland,
Columbus,
West Lafayette,
Columbus,
Sunnyvale,
Cleveland,
Cleveland,
Latham,
Cleveland,
Cleveland,
Columbus,
Brook Park,
Pittsburgh,
Cleveland,

Siste  Zip
OH 44142
OH 44135
OH 44135
OH 44135
80201
PA 15261
OH 44135
NY 12110
OH 44135
OH 44135
CA 90009
OH 44135
CH 44135
OH 43201
IN 47906
OH  43201-2693
CA 94086
OH 44135
OH 44135
NY 12110
OH 44135
OCH 44135
CH 43201
OH 44142
PA 15261
OH 44135

Work_phone

216/433-1555
216/433-5388
216/433-6166
216/433-6967
303/977-3000
412/624-9794
216/433-6056
518/785-2136
216/433-3524
216/433-2298
310/336-6098
216/433-6013
216/433-6080
614/424-4697
317/497-6340
614/424-5499
408/742-0412
216/977-7507
216/433-6053
518/785-2533
216/433-6054
216/433-6051
614/424-4626
216/891-2106
412/624-9790
216/433-6051



Eitst  Middle Lasiname

Mike
Frank
Geoffrey
Charles
Gerald
Stuart
William
Roy
Fran
Lee

Karl
Eric

Jeff
Kazuhisa
Yngve
Ted
Miroslaw
Stephen
Larry
Roamer
Kevin
Doug
Kent
Jeffrey
Herbert
Harold

Knasel
Kustas

. Landis

Lawrence
Lilienthal
Loewenthal

. Logue

Marangoni
Marchand
Mason
Mecklenburg
Mellberg
Miller
Miyoshi
Naerheim
Nye
Ostaszewski
Pepper
Pinson
Predmore
Radil

Rohn
Roller
Schreiber
Singer
Sliney

Qrganization

Ohio Aerospace Institute

Martin Marietta Astronautics Group
NASA Lewis Research Center
NASA Lewis Research Center
NAGSA Jet Propulsion Lab

Lockheed Missiles & Space Co.
Martin Marietta Astronautics Group
University of Pittsburgh

Draper laboratory

NASA Lewis Research Center
Wright Laboratory/MLBT

Lockheed Missiles & Space

NASA Lewis Research Center
NASA Lewis Research Center
Rockwell International Science Center
TRW, Incorporated

Ball Aerospace Systems Group
NASA Lewis Research Center
NASA Lewis Research Center
NASA Goddard Space Flight Center
NASA Lewis Research Center
NASA Lewis Research Center

Ball Communications Systems DIV.
NASA Lewis Research Center
Draper Laboratory

NASA Lewis Research Center
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City

Brook Park,
Denver,
Cleveland,
Cleveland,
Pasadena,
Sunnyvale,
Denver,
Pittsburgh,
Cambridge,
Cleveland,
WPAFB,
Titusville,
Cleveland,
Cleveland,
Thousand Qaks,
Redondo Beach,
Boulder,
Cleveland,
Cleveland,
Greenbelt,
Cleveland,
Cleveland,
Boulder,
Cleveland,
Cambridge,
Cleveland,

State  Zip

OH 44142

QO 80201

OH 44135

OH 44135

CA 91109

CA  94089-3504
Q 80201

PA 15261

MA 02139

OH 44135

OH  45433-6533
FL 32780

OH 44135

OH 44135

Ca 91360

CA 90278

Q@ 80306

OH 44135

OH 44135

MD 20771

OH 44135

OH 44135

QO  80306-1062
OH 4135

MA 02139

OH 44135

Work phone
216/891-2147
303/971-9107
216/433-2238
216/433-6048
818/354-2400
408/743-2491
303/971-8614
412/624-9797
617/258-1170
216/433-7106
513/255-2465
407/383-2200x2685
216/433-6012
216/433-6078
805/373-4254
310/813-5934
303/939-6392
216/433-6061
216/433-3312
301/286-5953
216/433-5047
216/433-3325
303/442-4812
216/433-6144
617/258-3929
216/433-6055



Erst  Middls Lastname
Rodger ] Slutz

Dennis Smith
Michael M. Socha
Talivaldis Spalvins
George Stefko
Bruce Steinetz
Curt Stidham
Robert Thom
Dave Thrasher
Joanne Uber
Gary R, Walker
Sterling ~ W. Walker
Peter Ward
Richard Weinstein
William Whittaker
Erwin Zaretsky

Qraanization

NASA Lewis Research Center
Honeywell, Inc.

Draper Laboratory

NASA Lewis Research Center
NASA Lewis Research Center
NASA Lewis Research Center
NASA Lewis Research Center
NASA Marshall Space Flight Center
Boeing Aerospace

NASA Goddard Space Flight Center
ITT Aerospace/Optical Division
John F. Kennedy Space Center

MPB Corporation

NASA Headquarters

Carnegie Mellon Universtiy

NAGSA Lewis Research Center
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Clty
Cleveland,
Glendale,
Cambridge,
Cleveland,
Cleveland,
Cleveland,
Cleveland,
Huntsville,
Huntsville,
Greenbelt,
Fort Wayne,
Kennedy Space
Keene,
Washington
Pittsburgh,
Cleveland,

sate  Zip

OH 4413

AZ 85308

MA 02139

OH 4413

OH 4413

OH 4413

OH 441345

AL 35812

AL 35824-6402
MD  20771-0001
IN 46801

L. 32899

NH 03431

DC 20546

PA 15213

OH 4413

Wotk phone
216/433-62993
602/561-3237
617/258-2126
216/433-6060
216/433-3920
216/433-3302
216/433-6106
205/544-2517
205/461-3937
301/286-8469
219/436-438
407/867-7770
603/355-4588
202/358-0538
412/268-6559
216/433-3241
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